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Notchl is an evolutionarily conserved receptor that
regulates cell fate, including such events as differen-
tiation, proliferation, and apoptosis. Myofibroblast
differentiation is a key feature of lung fibrosis. Found
in inflammatory zone 1 (FIZZ1) has direct fibrogenic
properties because of its ability to induce myofibro-
blast differentiation. However, the downstream sig-
naling pathway that mediates FIZZ1 induction of myo-
fibroblast differentiation remains wunknown. The
objective of this study was to investigate the involve-
ment of Notch signaling in FIZZ1 induction of lung
myofibroblast differentiation and thus explore the po-
tential role of Notch1 in pulmonary fibrosis. The results
showed that FIZZ1 increased the expression levels of
activated intracellular domain of Notchl (NIC), its li-
gand Jaggedl, and its target gene Hesl, which were
associated with elevated a-smooth muscle actin expres-
sion levels. Fibroblast a-smooth muscle actin expres-
sion is induced by the overexpression of NIC but is
suppressed by the inhibition of NIC. Moreover, lung
fibroblasts that were isolated from mice lacking the
GDP-4-keto-6-deoxymannose3,5-epimerase-4-reductase
enzyme (FX knockout) exhibited significantly reduced
responsiveness to FIZZ1, which was reversed by fucose
supplementation. In the absence of exogenous fucose,
these FX-deficient cells exhibited defective fucosylation,
which is required for Notch signaling. These knockout
mice also showed impaired lung fibrosis. These findings
suggest that Notch1 signaling in response to FIZZ1 may
play a significant role in myofibroblast differentiation
during lung fibrosis. (4Am J Patbol 2009, 174:1745-1755;
DOI: 10.2353/ajpath.2009.080618)

Notch was initially identified as a transmembrane signal-
ing protein that is located on the cell surface and is
involved in Drosophila neurogenesis. Its large extracellu-

lar domain contains 36 tandem epidermal growth factor-
like repeats and three cysteine-rich Notch/LIN-12 re-
peats. Six tandem ankyrin repeats, a glutamine-rich
domain (opa), and a PEST sequence are found in the
intracellular domain.”® On binding to Notch ligands
(Jagged or Delta) expressed on adjacent cells, proteo-
lytic cleavage involving y-secretase releases the intracel-
lular domain of Notch (NIC), which then translocates into
the nucleus where it binds to its downstream transcription
factor CSL [the mammalian homolog of Su(H), also
known as CBF1 or RBP-Jk]. This results in the conversion
of CSL from a repressor to an activator with consequent
induction of the transcription of Notch-dependent target
genes such as Hes-1 (hairy enhancer of split), HRT (hairy-
related transcription), Deltes-1, pTa, Meltrin-B, and the
Notch receptors themselves.®” Several studies implicate
Notch signaling in CD4™ Th1 and Th2 cell differentia-
tion.2~"° Notch ligands on antigen-presenting cells have
distinct effects on T-cell cytokine production. Of the two
Notch ligand families, Delta induces Th1, whereas
Jagged induces Th2 response and immunity. Expression
of these different ligands on antigen-presenting cells is
induced by Th1- or Th2-promoting stimuli.’” Individual
Notch receptors also induce different responses as
Notch3 up-regulates interferon-y, whereas Notch1 pro-
moted GATA3 and interleukin (IL)-4 expression.'? There
is evidence to suggest that Jagged1/Notch1 signaling
directs Th2 differentiation by inducing GATA3 and by
directly regulating IL-4 gene transcription through the
RBP-Jk site.>'© Th2 differentiation induced by antigen-
presenting cells is abrogated in T cells lacking the Notch
effector RBP-Jk.2'"'2 This evidence indicates that
Jagged1/Notch1 signaling is involved in processes char-
acterized by pathological Th2 cytokine responses such
as asthma, tissue repair/remodeling, and pulmonary
fibrosis.® '3
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Progressive pulmonary fibrosis including idiopathic
pulmonary fibrosis/usual interstitial pneumonitis usually
has a fatal outcome, and its pathogenesis remains in-
completely understood. It is postulated that cytokines
and chemokines including transforming growth factor-g
(TGF-B) produced by repeatedly injured and activated
alveolar epithelial cells recruit and activate adjacent un-
derlying fibroblasts to constitute fibroblast foci.'*~'" Ac-
tive pulmonary fibrosis is characterized by fibroblast
proliferation, de novo emergence of myofibroblasts, ex-
tracellular matrix deposition, and tissue remodeling. Myo-
fibroblasts are critical sources of extracellular matrix and
fibrogenic cytokine production including TGF-8, which
are key features of pulmonary fibrosis.’® 2" Hence eluci-
dating the mechanism of induction of myofibroblast dif-
ferentiation may provide novel insight into pathogenesis
of pulmonary fibrosis. TGF-B and a recently identified
novel mediator, found in inflammatory zone (FIZZ1), also
known as resistin-like molecule-a, or RELM-a, are known
inducers of myofibroblast differentiation and stimulate
a-smooth muscle actin (a-SMA) expression in lung fibro-
blasts.?? Previous reports show that FIZZ1 is primarily
expressed by airway epithelial cells and alveolar epithe-
lial cells, and has direct fibrogenic properties by its ability
to induce myofibroblast differentiation and «-SMA ex-
pression without affecting cell proliferation.??23 The ex-
pression of FIZZ1 by alveolar epithelial cells is driven by
Th2-type cytokines IL-4 and IL-13. The predominance of
Th2-type responses in pulmonary fibrosis has been am-
ply demonstrated.?*~2” Moreover, the induction of FIZZ1
in epithelial cells by Th2-type cytokines could play an
alternative or additional (to that of TGF-B for example)
role in induction of myofibroblast differentiation in pulmo-
nary fibrosis and remodeling.?®2° FIZZ1 is also highly
up-regulated in a mouse model of hypoxia-induced pul-
monary hypertension, where it is referred to as hypoxia-
induced mitogenic factor (HIMF), FIZZ1/HIMF has mito-
genic, angiogenic, and vasoconstrictive properties on
pulmonary microvascular smooth muscle cells and endo-
thelial cells via PI-3K/AKT signaling pathway.3°~32 More
recently, Bruton’s tyrosine kinase (BTK) was identified as
a functional HIMF binding partner in primary cultured
murine bone marrow cells through glutathione S-trans-
ferase-HIMF pull-down studies and mass spectrome-
try.3* However, the downstream signaling pathway me-
diating FIZZ1 induction of myofibroblast differentiation
from lung fibroblasts, a key event in the propagation of
fibrosis, remains essentially unexplored.

Recent reports show that Jagged1/Notch signaling in-
duces epithelial-to mesenchymal transitions by interac-
tions with the TGF-B/Smad pathway.3>3°® Several studies
also show that Notch signaling regulates a-SMA expres-
sion differentially via CSL or HRT in multiple cell types,
including smooth muscle cells and mesenchymal fibro-
blasts, respectively.3’~*' Because Notch1 is shown to
mediate activation of Th2 differentiation,”” which is a
predominant response in pulmonary fibrosis, the objec-
tive of this study was to clarify the activation of Jaggedi/
Notch1 signaling in response to FIZZ1 and analyze its
role in myofibroblast differentiation in pulmonary fibrosis.
These results for the first time showed the importance of

Notch1 signaling in FIZZ1-induced myofibroblast differ-
entiation and bleomycin (BLM)-induced pulmonary
fibrosis.

Materials and Methods

Animals and Induction of Pulmonary Fibrosis

C57BL/6 mice were purchased from The Jackson Labo-
ratory (Bar Harbor, ME). FX knockout (KO) mice on
C57BL/6 background were produced as previously de-
scribed.*? These mice were propagated at the University
of Michigan. To induce pulmonary fibrosis, BLM (Blenox-
ane, Mayne Pharma Inc, Paramus, NJ) was dissolved in
sterile phosphate-buffered saline (PBS) and instilled en-
dotracheally at a dose of 1.5 U/kg body weight. Control
groups received PBS only (three to five mice per group).
One half of the animals in all groups were fed either chow
depleted of fucose (Notch-deficient) 1 month before
BLM/saline treatment or chow replete with fucose (Notch-
sufficient). At the indicated time points after BLM treat-
ment, the mice were sacrificed and the lungs were har-
vested rapidly. For histological analysis, the lungs were
formalin-fixed, and stained with routine hematoxylin and
eosin (H&E). All animal studies have been reviewed and
approved by the University of Michigan Committee on
Use and Care of Animals at the University of Michigan.

Lung Fibroblast Isolation and Treatment

Fibroblasts were isolated from lung tissue by trypsiniza-
tion as described previously.*® The cells were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carls-
bad, CA) supplemented with 10% plasma-derived fetal
bovine serum (Animal Technologie, Tyler, TX) 10 ng/ml of
epidermal growth factor, and 5 ng/ml of platelet-derived
growth factor (R&D Systems, Inc., Minneapolis, MN).
Cells were used at passage 3 to 5 after primary culture.
After plating as indicated, the cells were made quiescent
by culturing in Dulbecco’s modified Eagle’s medium con-
taining 0.5% plasma-derived fetal bovine serum for 24
hours when cells reached ~85% confluent. Where indi-
cated, recombinant mouse FIZZ1 (rmFIZZ1; Leinco Tech-
nologies, Inc., St. Louis, MO) were added at the indicated
doses. In experiments to assess the role of y-secretase
inhibitor, 5 umol/L of y-secretase inhibitor X (Calbiochem,
San Diego, CA) was added 24 hours before the addition
of rmF1ZZ1.

Plasmid Constructs and Cell Transfection

Human NIC and Jaggedi constructs pcDNA3.0-NIC and
pcDNA3.1-Jagged1 expression plasmids were kind gifts
from Dr. Lucio Miele (Cardinal Bernardin Cancer Center,
Loyola University Medical Center, Maywood, IL) and Dr.
Igor Prudovsky (Center for Molecular Medicine, Maine
Medical Center Research Institute, Scarborough, ME).
Notch1 siRNA (5’-UGGCUUGCAGUAGCAAGGAAGC-
UAA-3") and control siRNA (5'-UGGACGUGAUGGAAC-
GAAGCUCUAA-3") were self-designed and purchased



from Invitrogen (Carlsbad, CA). Predesigned Jagged1
siRNA and its negative control siRNA were purchased
from Ambion, Inc. (Austin, TX). Primary cultured lung
fibroblasts were transfected with 2 wpg of either
pcDNAS3.0-NIC or pcDNAS. 1-Jagged1 by electroporation
Nucleofector Il (Amaxa Biosystem, Gaithersburg, MD).
After 20 hours, rmFIZZ1 was added and incubated for
another 48 hours. Plasmid pcDNA3.0 or pcDNAS.1 was
used as negative controls. Transfection with 100 nmol/L
of Notch1, Jaggedi siRNAs (Ambion, Inc.) and their con-
trol siRNAs were conducted as described above with
siRNA test kit (Amaxa Biosystem).

a-SMA Promoter Construct and Activity Assay

The a-SMA promoter was cloned by polymerase chain
reaction (PCR) from rat genomic DNA as previously de-
scribed.** The promoter activity was evaluated by a dual-
luciferase reporter assay kit (Promega, Madison, WI).
Briefly, normal rat lung fibroblasts were co-transfected
with 2 ug of a-SMA promoter construct and pcDNA-NIC
or 100 nmol/L of Notch 1 siRNA along with 50 ng of
control vector pRL-CMV in transfect reagent Fugene6
(Roche, Indianapolis, IN). FIZZ1 was added as indicated,
and the cells were harvested 48 hours after transfection.
Firefly luciferase (Luc) and Renilla reniformis luciferase
(RILuc) activities were determined with microplate lumi-
nometer (Turner Designs, Sunnyvale, CA). Luc activity
was normalized to RlLuc activity and shown as relative
luciferase activity.

mRNA Analysis by Quantitative Reverse
Transcriptase (RT)-PCR

For mRNA analysis, total RNA was isolated from lung
tissue or fibroblasts. Primer Express 2.0 software (Ap-
plied Biosystems, Foster City, CA) was used to design
TagMan primers and MGB probes. The primer se-
quences were as follows: a-SMA: forward primer, 5'-
CAACAGGATGAAGACTGCAACCT-3'; reverse primer,
5'-GGGACCATCAGCTAAAGAAG-3’; probe, 5'-6FAM-
CCCTTCTCATCTGCGTCT-3'. Type | procollagen (collagen
). forward primer, 5'-CAACCGTGCTTCTCAGAACAT-3’;
reverse primer, 5-TGCCCGTCTCCTCATCCA-3’; probe,
5'-6FAM-ACCACTGCAAGAAC-3'. FIZZ1: forward primer,
5'-TCCAGCTAACTATCCCTCCACTGT-3'; reverse primer, 5'-
GGCCCATCTGTTCATAGTCTTGA-3'; probe, 5'-6FAM-
CGAAGACTCTCTCTTGC-3'. Jagged1: forward primer,
5'-GTCTTCCCCTTGTGCCTTTG-3'; reverse primer, 5'-
ATGTCCTGGAGGGCAGATACA-3’; probe, 5’-6FAM-
CACCTGTGTGGATGAGA-3'. Primers and probe for mu-
rine tumor necrosis factor (TNF)-a, TGF-8, MCP-1, IL-4,
Delta4, and GAPDH were purchased from Applied Bio-
systems. GAPDH mRNA was used as internal control.
One-step real time gPCR was undertaken by using a
GeneAmp 7500 sequence detection system (Applied
Biosystems). Results were expressed as 2~ AA“T as pre-
viously described.*®
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Western Blotting Analysis and
Immunofiuorescence Staining

To detect protein expressions, 20 ug (or 5 pg for a-SMA
only) of cell or tissue lysates were separated on SDS-
PAGE. Mouse anti-collagen | and anti-a-SMA (Sigma, St.
Louis, MO), rabbit anti-Notch1 and NIC (Calbiochem),
rabbit anti-daggedi1 (Santa Cruz Biotechnology, Santa
Cruz, CA), and rabbit anti-Hes1 (Chemicon International,
Temecula, CA) antibodies were used as primary antibod-
ies. The immunostained bands were visualized using a
chemiluminescent substrate (Cell Signaling Technology,
Beverly, MA) followed by exposure to ECL Hyperfilm
(Amersham Biosciences, Buckinghamshire, UK). a-SMA
immunofluorescence staining was performed on four-well
chamber slides with 3 X 10* cells using mouse anti
a-SMA —Cy5 (Sigma) as previously described.’ The
slides were examined under fluorescence microscopy.

Hydroxyproline Assay

Lung collagen deposition was estimated by measuring
the hydroxyproline content of whole lung homogenates
as previously described.*® Briefly, the lungs were ex-
cised, homogenized in 0.5 mol/L acetic acid, and hydro-
lyzed in 6 N HCI overnight at 110°C. Hydroxyproline was
assessed by colorimetric assay and the results were
expressed as ug of hydroxyproline per lung.

Statistical Analysis

All data were expressed as mean * SE. Differences
between means of various treatment groups were as-
sessed for statistical significance by analysis of variance
followed by post hoc analysis using Scheffé’s test. A
P value <0.05 was considered to indicate statistical
significance.

Results

FIZZ1 Activation of Notch1 Signaling in Lung
Fibroblasts

FIZZ1 is known to promote myofibroblast differentiation in
lung fibroblasts,?? but the intracellular signaling pathway
mediating this effect is unknown. To initially assess if
FIZZ1 activates Notch1 signaling, isolated murine lung
fibroblasts were treated with the indicated doses of re-
combinant murine FIZZ1 and analyzed for activation of
components of Notch signaling. The results showed an
increase in protein expression of Notch1, NIC, Jagged 1,
and Hes1 after 1 hour of treatment with 25 ng/ml of FIZZ1
(Figure 1A). This increase remained evident at 24 hours
of treatment (data not shown). Thus components of this
signaling pathway showed evidence of activation, from
the generation of NIC to its best-characterized direct
transcriptional target, Hes1. Moreover Notch1 signaling
is activated through cell-cell interaction via binding its
ligands expressed on neighboring cells,® and in this ex-
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Figure 1. Effect of FIZZ1 treatment on lung fibroblast-expressed Notchl
signaling components. Normal murine lung fibroblasts were treated with the
indicated doses of rmFIZZ1 for 1 hour, or as indicated. A: Cell lysates (20 ug
protein each) were analyzed for Notch1, NIC1, Jaggedl, and Hesl proteins
by Western blotting. Representative blots from three independent experi-
ments are shown. The GAPDH protein served as a loading control. B: Total
cell RNA was isolated at the indicated time points and analyzed for Jagged1
mRNA by real-time qPCR. The amount of Jaggedl mRNA was calculated as
27 AACT equivalent to fold change over the untreated control sample (cali-
brator) using GAPDH as the reference. The effect of FIZZ1 treatment was
statistically significant at all time points shown, except for the 1-hour time
point. Mean * SE of triplicate samples are shown.

periment, the Notch1 ligand Jaggedi1 was also up-regu-
lated as early as 20 minutes after treatment with FIZZ1
(data not shown). This increase in Jagged1 expression
was confirmed by real-time gPCR detection of Jagged1
mMRNA expression. The results showed that FIZZ1 treat-
ment caused significant up-regulation as early as 15
minutes, which was sustained up to 30 minutes, and then
declined to control levels at 1 hour (Figure 1B). In con-
trast, Delta4, another Notch ligand, was not induced by
FIZZ1 treatment (data not shown). These results taken
together indicated that FIZZ1 was able to activate Notch1
signaling, as well as their downstream target Hes1, likely
via activation of its ligand, Jagged1.

FlzZ1 Up-Regulation of a-SMA Expression
Requires Jagged1

The induction of Jagged1 by FIZZ1 treatment (Figure 1)
suggests its importance in mediating the downstream
effect on a-SMA expression. To evaluate such a possi-
bility, the effect of induced overexpression of Jagged1 on
lung fibroblast a-SMA expression was examined. The
results showed that transfection with the Jaggedi ex-
pression plasmid increased a-SMA expression in lung
fibroblasts 48 hours after transfection compared with the
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Figure 2. Role of Jaggedl in FIZZ1 induction of a-SMA expression. A:
Fibroblasts were transfected as indicated with either Jaggedl expression
plasmid or its empty vector control, pcDNA3.1, and then treated with buffer
only or FIZZ1. The cells were then harvested for analysis of a-SMA protein
expression by Western blotting. B: Alternatively, cells were transfected with
Jagged1 or control siRNA as indicated, and then treated with FIZZ1 or buffer
only. The cell extracts were then similarly analyzed for a-SMA and NIC1
protein. C: NIC1 (NIC)- or empty vector control (Control)-transfected fibro-
blasts were treated with rmFIZZ1 or buffer and then analyzed for Jagged1
protein expression by Western blotting. D: Cells were similarly treated as in
C, except instead of transfection with the NIC1 expression plasmid, 5 wmol/L
of y-secretase inhibitor X was used to suppress the generation of NIC.
Representative blots from at least three independent experiments are shown.

control empty vector (Figure 2A). This Jaggedi-induced
response was further increased by FIZZ1 treatment, sug-
gesting that indeed FIZZ1 could induce «-SMA expres-
sion via up-regulation of Jagged1i. To further confirm this
possibility, the effect of Jagged1 knockdown using spe-
cific siRNA on the FIZZ1 response was evaluated. The
results showed that specific knockdown of Jagged1 ex-
pression resulted in the suppression of a-SMA expres-
sion that was not reversible by treatment with FIZZ1 (Fig-
ure 2B). This suppression of a-SMA by Jagged1 siRNA
was accompanied by inhibition of NIC expression (Figure
2B). These findings confirmed the importance of
Jagged1 in mediating FIZZ1 activation of a-SMA expres-
sion. Although activation of Jagged1 is expected to act
upstream of Notch activation, transfection of NIC was
noted to result also in up-regulation of Jagged1 expres-
sion (Figure 2C). In contrast the y-secretase inhibitor,
which prevents release of NIC,'" was able to inhibit
FlZZ1-activated Jagged1 (Figure 2D). Because FIZZ1
treatment resulted in generation of NIC (Figure 1A), this
finding would suggest that a positive feedback effect of
NIC on Jagged1 induction may contribute to the propa-
gation of Notch1 signaling.
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Figure 3. Role of NIC1 in regulation of a-SMA gene expression. A: Fibroblasts were transfected as indicated with NIC1 expression plasmid (NIC) or its empty
vector control pcDNA3.0 (Control) and then treated with buffer only or rmFIZZ1. Cell extracts were then harvested for determination of a-SMA protein levels by
Western blotting. B: The cells were treated as in A and plated on four-well chamber slides. The cells were fixed and stained after 48 hours with anti-a-SMA-Cy5
(red fluorescence). Arrows indicate myofibroblasts with bright staining for a-SMA arranged in fiber bundles. C: Fibroblasts were similarly treated as in A, except
instead of transfection with NIC1 expression plasmid, treatment with y-secretase inhibitor X was used to suppress the generation of NIC from Notch. The effect
on a-SMA protein expression was then analyzed by Western blotting. D: As an alternative approach, Notch1 (NIC) or control siRNA was transfected into fibroblasts
and then analyzed for a-SMA protein expression by Western blotting. Representative blots from at least three independent experiments are shown in A, C, and
D. E: Cells were transfected with the a-SMA promoter construct with luciferase reporter gene, and then co-transfected with either the NIC1 expression plasmid
(NIC) or control empty vector (Control). This was followed by treatment with either buffer only or FIZZ1 as indicated in the abscissa. After harvest, the cells were
then analyzed for luciferase activity, and the data were expressed as relative light units. F: Fibroblasts were treated similarly as in E, but co-transfected with Notch1
siRNA or their control siRNA instead of NIC plasmid DNA and its control empty vector. G: Fibroblasts were transfected as in A, and total RNA was harvested 8
hours after FIZZ1 addition. a-SMA mRNA expression was analyzed by real time qPCR, and data were shown as fold change (27 AACT) over control cells transfected
with empty vector. Means * SE of triplicates are shown.

Notch1 Mediation of FIZZ1 Induced a-SMA
Expression in Lung Fibroblasts

with 5 wmol/L of y-secretase inhibitor X caused a marked
reduction in fibroblast a-SMA expression, which could
not be reversed by treatment with FIZZ1 (Figure 3C). As

Given this ability of FIZZ1 to activate Notch1 signaling, its
importance in mediating FIZZ1 induction of lung myofi-
broblast differentiation®® was then evaluated. First, the
ability of induced overexpression of NIC to affect a-SMA
expression was evaluated. Transfection with a NIC ex-
pression plasmid into lung fibroblasts caused an in-
crease in a-SMA protein expression, in the absence or
presence of added FIZZ1 treatment (Figure 3A). Overex-
pression of NIC alone was sufficient to cause an increase
in a-SMA expression. The control or empty vector did not
show any significant effect on «-SMA expression. This
was also observed by immunofluorescence staining
showing more a-SMA-expressing cells and brighter
stained signals in cells with overexpressed NIC than that
in the cells with control vector (Figure 3B). To further
confirm the importance of Notch1 signaling in the ob-
served induction of a-SMA, the effect of y-secretase in-
hibition on a-SMA expression was evaluated. Treatment

expected NIC expression was also markedly reduced by
treatment with this inhibitor (data not shown). To further
demonstrate that this inhibitor effect was specifically be-
cause of reduction in NIC, the effect of a specific siRNA
to Notch1 on a-SMA expression was examined. The re-
sults showed that specific knockdown of Notchi1 by
siRNA transfection caused a similar marked reduction in
a-SMA expression, which again was not affected by ad-
ditional treatment with FIZZ1 (Figure 3D). Treatment with
the control RNA had no significant effect on a-SMA ex-
pression, which responded to FIZZ1 treatment. Transfec-
tion with the specific Notch1 siRNA reduced NIC expres-
sion by 70% (data not shown).

To further confirm that NIC could regulate a-SMA gene
expression, the effect of NIC overexpression on a-SMA
promoter activity was examined. Fibroblasts transfected
with the a-SMA promoter construct and co-transfected
with the NIC expression plasmid showed significantly



1750 Liu et al
AJP May 2009, Vol. 174, No. 5

higher promoter activity than cells co-transfected with the
empty vector control (Figure 3E). As expected FIZZ1
stimulated «-SMA promoter activity, which was not sig-
nificantly affected by NIC overexpression. Thus NIC over-
expression alone was sufficient to stimulate promoter
activity comparable with that induced by FIZZ1 treatment
alone. This NIC-induced stimulation appeared to be max-
imal because the combined NIC overexpression plus
FIZZ1 treatment did not significantly increase activity.
The siRNA to Notch1 and Jagged? strongly diminished
a-SMA protein expression (Figures 2B and 3D). To check
if they have similar effects on the a-SMA promoter activ-
ity, fibroblasts were co-transfected with the a«-SMA pro-
moter construct and the Notch1 or Jagged1 siRNA and
their controls. The results showed that both siRNAs to
Notch1 (Figure 3F) and Jagged1 (data not shown)
caused significant inhibition on a-SMA promoter activity
alone (P < 0.05), and essentially completely abolished
the FIZZ1-induced promoter activity (Figure 3F). Analysis
of a-SMA mRNA regulation by NIC also confirmed that
NIC transfection was able to significantly up-regulate
a-SMA gene expression, whereas FIZZ1 caused a further
>50% increase in «-SMA mRNA levels (P < 0.05) (Figure
3G). FIZZ1 alone caused a more than twofold increase in
a-SMA mRNA. These results indicated that Notch1
signaling was required in FIZZ1 activation of a-SMA
expression.

FX Deficiency Impairs FlZZ1 Up-Regulation of
a-SMA Expression

To further clarify that Notch1 signaling is also important
for FIZZ1 induction of myofibroblast differentiation in vivo
with contribution to pulmonary fibrosis, the effects of the
FX mutation with its well-studied deficiency in Notch sig-
naling,*” were investigated. First, to confirm that lung
fibroblasts from FX KO mice were deficient in their re-
sponse to FIZZ1-induced myofibroblast differentiation, in
vitro analysis was undertaken using cells isolated from
these KO mice. As previously noted, FX KO mice exhibit
deficient Notch signaling in the absence of exogenous
fucose supplementation, which is reversible by inclusion
of dietary fucose.*® The isolated fibroblasts, with (ie, wild-
type Notch phenotype) or without (ie, Notch-deficient)
fucose supplementation in the medium, were treated with
FIZZ1 at the indicated doses, and analyzed for a-SMA by
Western blotting. The results showed that the dose-de-
pendent induction of a-SMA by FIZZ1 in Notch-sufficient
cells (with fucose supplementation) was essentially abol-
ished in Notch-deficient (without fucose supplementa-
tion) (Figure 4A). Thus the dependence on Notch signal-
ing for FIZZ1-induced myofibroblast differentiation was
also suggested in this model of Notch deficiency. To
confirm that the observed result in this model was spe-
cifically because of Notch signaling, the ability of exog-
enously induced NIC expression to reverse the effect of
Notch deficiency in this model was evaluated. Transfec-
tion of the NIC expression plasmid into cells grown with-
out fucose supplementation (ie, Notch-deficient) caused
a marked increase in a-SMA protein expression relative
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Figure 4. Effect of Notch deficiency on FIZZ1 induction of a-SMA in isolated
lung fibroblasts. Murine lung fibroblasts were isolated from FX KO mice and
were cultured in the presence (Notch-sufficient, indicated with +) or absence
(Notch-deficient, indicated with —) of fucose in the media. A: The cells were
then treated with the indicated doses of rmFIZZ1, and after harvest, the cell
extracts were analyzed for a-SMA protein by Western blotting. B: The
Notch-deficient cells (without fucose supplementation) were transfected
with the NIC1 expression plasmid (NIC) or empty vector (Control) and then
treated with either buffer or rmFIZZ1 as indicated. The cell extracts were then
analyzed for a-SMA protein by Western blotting. Representative blots from
three independent experiments are shown.

to that in cells transfected with the control empty vector
(Figure 4B). FIZZ1 treatment caused a further increase in
a-SMA expression only in the cells transfected with the
NIC expression plasmid. Thus the deficit in response to
FIZZ1 in the Notch-deficient cells was attributable to spe-
cific loss of Notch signaling in these cells.

Effects of Notch Deficiency on BLM-Induced
Pulmonary Fibrosis

Because FIZZ1 is highly induced and promotes myofi-
broblast differentiation in BLM-induced pulmonary fibro-
sis,?? the availability of the FX KO mice afforded the
opportunity to study the importance of Notch signaling in
vivo in the context of its importance in FIZZ1-induced
myofibroblast differentiation. To confirm Notch1 signaling
deficiency in FX™/~ mice without fucose supplementa-
tion, the Notch1 downstream target Hes1 was examined
in the lungs of FX™/~ mice with and without fucose sup-
plementation (Notch-sufficient and Notch-deficient, re-
spectively). The results showed that Hes1 was basically
abolished in saline-injected Notch-deficient mice and not
induced by BLM at day 21 after BLM treatment, whereas
it was significantly increased in BLM-treated Notch-suffi-
cient mice (Figure 5A). We then evaluated the effect of
Notch deficiency on pulmonary fibrosis, BLM was used to
induce lung fibrosis in FX KO mice with or without fucose
supplementation. Evaluation of gene expression by real-
time gPCR 7 days after BLM administration revealed that
FIZZ1 mRNA was highly induced in BLM-treated Notch-
sufficient mice compared with saline control animals as
expected (Figure 5B). Although the absolute lung FIZZ1
MRNA levels were decreased in Notch-deficient versus
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Figure 5. Effects of Notch deficiency on lung cytokine and FIZZ1 gene
expression in BLM-induced pulmonary fibrosis. FX KO mice were main-
tained with (Notch-sufficient) or without (Notch-deficient) dietary fucose
supplementation, and then treated with saline (SAL) or BLM to induce lung
injury and fibrosis. A: Lung Hes1 protein expression in Notch-sufficient and
-deficient mice 21 days after BLM treatment. Twenty pg of lung tissue lysates
were used for Western analysis. B: At day 7 after BLM or saline treatment,
lung tissue total RNA was isolated, and analyzed for mRNA levels of FIZZ1,
or the cytokines TGF-B, TNF-a, MCP-1, and IL-4 (C). The results were
expressed as 27 AACT equivalent to fold change, using GAPDH as the
reference and the Notch-sufficient saline control as the calibrator. C: The
values were expressed as a percentage of their respective saline controls. All
mean values from the Notch-deficient mice (without fucose supplementa-
tion) were significantly lower than the corresponding ones from sufficient
mice. Data are shown as means * SE with 7 = 3 in each group of mice.

-sufficient mice, the induction by BLM appeared intact
and not significantly affected by Notch deficiency (P >
0.05). However, analysis of lung mRNAs for a number
of pro-inflammatory and pro-fibrotic factors, including
MCP-1, TNF-q, IL-4, and TGF-B revealed that their induc-
tion by BLM was impaired in Notch-deficient mice relative
to that in sufficient mice (P < 0.05 between BLM and
saline groups for all four factors) (Figure 5C). Because
Notch has been implicated in helper T-cell (Th cell) dif-
ferentiation,®'" it is especially noteworthy that BLM com-
pletely failed to induce the expected increase in expres-
sion of the Th2 marker gene, IL-4, in the Notch-deficient
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Figure 6. Effects of Notch deficiency on BLM-induced pulmonary fibrosis.
As described in the legend to Figure 5, FX KO mice with or without fucose
supplementation were treated with saline or BLM by endotracheal injection.
A: The lungs were then harvested for analysis of lung hydroxyproline content
or mRNA levels for procollagen I and a-SMA. Results were expressed as a
percentage of their respective saline-treated controls. All three parameters
were significantly lower in the Notch-deficient (without fucose supplemen-
tation) versus the sufficient group. Mean * SE are shown with 7 = 5 animals
per group. B: Lung type I collagen protein was analyzed by Western blotting.
A representative blot from three of five animals in each treated group is
shown.

mice. Thus Notch deficiency has significant inhibitory
effects in the response to BLM treatment, including the
Th2-type response.

The extracellular matrix, collagen |, and a-SMA are key
parameters for pulmonary fibrosis and myofibroblast dif-
ferentiation.'®2° Examination of the lung tissue mRNA
levels for these markers at day 7 after BLM treatment
revealed the expected increases in Notch-sufficient, fu-
cose-fed mice (Figure 6A). These BLM-induced in-
creases were significantly reduced in Notch-deficient
mice without dietary fucose supplementation (P < 0.05
for all three parameters). This reduction in fibrotic re-
sponse to BLM treatment in the Notch-deficient mice was
also noted in the lung hydroxyproline content measured
at day 21 after model induction (P < 0.05) (Figure 6A).
Also, consistent with the mRNA data, Western blotting
analysis showed lung collagen | protein content was
significantly reduced in Notch-deficient mice in response
to BLM treatment when compared with that in Notch-
sufficient mice (P < 0.05) (Figure 6B). Moreover, histo-
logical examination showed that whereas the lungs from
BLM-treated Notch-sufficient mice exhibited typical se-
vere fibrotic lesions, characterized by increased intersti-
tial density, loss of normal alveolar architecture, the lungs
from BLM-treated Notch-deficient mice were shown to
have reduced fibrosis with scattered lesions that are
much smaller in size with lower density than those in
Notch-sufficient animals (Figure 7). There were no mor-
phological abnormalities observed in saline-treated con-
trol lungs in both Notch-sufficient and -deficient mice.
Thus these findings indicated that Notch deficiency was
associated with a significant reduction in myofibroblast
genesis and pulmonary fibrosis in this model.
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Figure 7. Histopathological evaluation of fibrosis in FX KO mice. Saline (C
and D)- and BLM (A and B)-treated /X KO mice without (A and C) or with
(B and D) fucose supplementation were examined at day 21 after treatment.
The lungs were prepared for H&E staining and representative sections were
shown. Original magnifications: X100; X400 (insets).

Discussion

Pulmonary fibrosis usually results in end-stage lung dis-
ease, respiratory failure, and eventually death. BLM-in-
duced pulmonary fibrosis is a well-characterized animal
model in which a progressive fibrotic process develops
after initial lung inflammation. The common feature char-
acteristic of progressive pulmonary fibrosis is abnormal
deposition of extracellular matrix that effaces the normal
lung tissue architecture. A key cellular source of this
matrix is the mesenchymal cell population that occupies
fibroblastic foci during the active period of fibrosis.'®48
This population is heterogeneous with respect to a num-
ber of key phenotypes. One of these phenotypes is the
myofibroblast, which appears to play important roles in
the pathogenesis of pulmonary fibrosis. Its dual role, as a
key source of extracellular matrix and as an inflammatory
cell, makes it the key cell in two processes that represent
the hallmark of fibrosis. In addition to TGF-B, a novel
inducer of myofibroblast differentiation, FIZZ1 was re-
cently demonstrated to induce myofibroblast differentia-
tion by directly stimulating a-SMA expression.?? How-
ever, its downstream signaling leading to up-regulation
of a-SMA expression is essentially unknown. In the
present study, the Notchi1 signaling pathway was
found to be involved in FIZZ1 induction of myofibro-
blast differentiation.

To arrive at this conclusion, the effect of FIZZ1 on
Notch 1 signaling activation was first examined. Our data
showed that FIZZ1 was able to activate Notch 1 signaling
by inducing expression of Jagged 1, NIC, and Hes 1, a
direct NIC downstream target. The effects of Notch 1
activation on induction of a-SMA were then determined.
The findings showed that overexpression of NIC (acti-
vated Notch 1) or Jagged 1 caused significantly in-
creased expression of a-SMA in lung fibroblasts, which
was enhanced by FIZZ1 stimulation. In contrast FIZZ1
induction of a-SMA expression was significantly dimin-
ished when NIC or Jagged 1 expression was inhibited.

FIZZ1

Fibroblast

y-secretase

a-SMA

Fibroblast

Figure 8. Schematic illustration of the proposed mechanism by which
Notch1/Jaggedl mediates FIZZ1 induction of a-SMA gene expression. FIZZ1
is primarily secreted by alveolar epithelial cells in the lung, and activates
Jagged1 expression through unknown mechanisms. The activated Jagged1
extracellular domain on fibroblasts interacts with Notch1 receptor on neigh-
boring cells and causes the 7y-secretase-mediated cleavage of NIC1, the
intracellular domain of Notchl. The released NIC then translocates into the
nucleus where it binds to the transcription factor CSL on the a-SMA promoter
and converts CSL from a repressor to an activator with subsequent activation
of a-SMA gene transcription. There is evidence to suggest that NIC could also
activate Jaggedl expression with a potential positive feedback loop
mechanism.

Given that a-SMA is a key marker for myofibroblast dif-
ferentiation, our data indicated that Notch 1 signaling is
important for FIZZ1 induction of myofibroblast differenti-
ation (Figure 8). The ligand Jagged 1 is also a transmem-
brane protein,*® therefore, cell-cell contact is necessary
for the activation of Notch 1 signaling.®® Our results
showed that Jagged1 could be activated by FIZZ1, and
FIZZ1 induction of a-SMA was clearly decreased by in-
hibition of Jagged1, suggesting Jagged 1 may mediate
FIZZ1 activation of Notch 1. Activation of this pathway in
turn induces a-SMA expression in fibroblasts. Lung fibro-
blasts are heterogeneous,*® so it is possible that ligand-
expressing cells and Notch 1 receptor-expressing cells
may represent different subpopulations. It might explain
how Notch 1 is activated by FIZZ1-induced Jagged 1 on
neighboring cells through cell-cell contact interaction.
Additionally a positive feedback loop because of NIC
induction of Jagged 1 ligand might also act to amplify
Notch1 signaling in a field of cells on continuous and
prolonged exposure to ligand via cell-to-cell relay, which
is having an effect possibly beyond the initial ligand-
expressing cells. Similar mechanisms have been ob-
served in NIH 3T3 cells.®’

To seek out the possible mechanism for the noted
induction of a-SMA after overexpression of NIC in fibro-
blast, the effect of NIC overexpression on a-SMA pro-



moter was examined in lung fibroblasts. The findings
showed that NIC overexpression alone caused signifi-
cant up-regulation of a-SMA promoter activity to a level
that was comparable with that in cells treated with FIZZ1.
Although the induction by NIC overexpression was fur-
ther enhanced by FIZZ1 stimulation, this was not statisti-
cally significant. This finding is consistent with a previous
study showing that in vascular smooth muscle cells,
a-SMA is shown to be a direct target of Notch via activa-
tion of its major effecter CSL.*® It appears that CSL could
bind directly to a conserved cis-element in the a-SMA
promoter, and this consensus sequence is required for
Notch-mediated a-SMA induction. All these data con-
firmed the direct NIC induction of a-SMA gene transcrip-
tion. However, other possible mechanism(s) involved in
FIZZ1 induction of a-SMA cannot be ruled out based on
present data. Taken together these findings suggest that
Notch signaling in response to FIZZ1 may play an alter-
native or additional role to TGF-B in induction of myofi-
broblast differentiation in lung fibrosis.

The importance of Notch signaling in myofibroblast
differentiation suggests its potential significance in fi-
brotic responses in vivo. A recent study revealed reduced
hepatic fibrosis in patients with Alagille syndrome (AGS),
a genetic disorder of Notch signaling, caused by muta-
tions in the genes encoding Jagged1 or Notch2 receptor
itself.52 This was thought to be attributable to an accu-
mulation of intermediate hepatobiliary cells unable to
transdifferentiate into biliary cells because of the defec-
tive Jagged1/Notch2 signaling, which then proceeds with
a form of fibrotic reaction characterized by thin septa and
pericellular distribution. However, the effects on myofi-
broblast differentiation (from hepatic stellate cells) are not
studied in these patients. To evaluate out the potential
importance of Notch 1 signaling in pulmonary fibrosis, the
effects of deficiency in Notch signaling in FX~/~ mice
without exogenous fucose supplementation was exam-
ined.*” Because Notch signaling is required for normal
development, the use of KO animals deficient in this
critical function is not feasible for studies to demonstrate
its in vivo importance in fibrosis. The availability of the
FX~/~ mouse affords a means to study this because
Notch deficiency is only evident if the animals are de-
prived of fucose in their diet, ie, this is effectively a
conditional KO. These animals have an induced null mu-
tation in the GDP-4-keto-6-deoxymannose 3, 5-epimer-
ase-4-reductase (FX) gene, which encodes an enzyme in
the de novo pathway for GTP-fucose synthesis. The FX~/~
mice exhibit a virtually complete dependence on a fu-
cose-dependent salvage pathway for GDP-fucose syn-
thesis, which enables reversible control of glycan fuco-
sylation by manipulating dietary fucose. Because
fucosylation is essential for Notch function, in the ab-
sence of exogenous fucose, Notch signaling is deficient
in these animals.*” The de novo appearance of myofibro-
blasts and their persistence are key features for progres-
sive fibrotic diseases.?’ Our data showed that after BLM
treatment, significantly reduced pulmonary fibrosis in
Notch-deficient mice was observed with decreased
a-SMA expression and collagen deposition, suggesting a
reduction in genesis of myofibroblasts. In view of the
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evidence of Notch1 activation myofibroblast differentia-
tion, a potential mechanism for the protection from fibro-
sis afforded by Notch deficiency might be attributable to
a reduction in myofibroblast differentiation in the deficient
mice. However, in addition to the effects on myofibroblast
differentiation, there was also significant reduction in ex-
pression of FIZZ1 and a number of profibrogenic factors
including IL-4, TGF-B, MCP-1, and TNF-a. Moreover
there is evidence that Notch signaling through different
ligands induces distinct CD4™ T-cell cytokine produc-
tion.2 Notch 1 is able to induce Th2 differentiation by
direct up-regulation of Gata 3 via either an IL-4-depen-
dent or -independent mechanism.® %3 In the present
study, Th2 cytokine (IL-4) expression was impaired in
Notch-deficient mice, and a Th2-type response is pre-
dominant in pulmonary fibrosis. Deficiency of the Th2
cytokines IL-4 and/or IL-13 abrogated FIZZ1 induction,
myofibroblast differentiation, and fibrosis in the BLM
model.?® Thus the additional contribution of Notch defi-
ciency on impaired Th2 cytokine expression represented
an additional mechanism by which fibrosis could be im-
paired. Finally, a variety of cytokines play important roles
in pulmonary fibrosis, and the myofibroblast is a nonin-
flammatory source for some of them, eg, TGF-8 and
MCP-1.545% The decreased myofibroblast differentiation
in Notch-deficient mice potentially contributed to the ob-
served reduction in lung profibrogenic cytokine expres-
sion. These cytokines may interact with others, such as
TNF-a in complex cytokine networks that could ultimately
serve in the manner of a positive feedback loop to cause
further myofibroblast differentiation and stimulation of
extracellular matrix production.®*~%" However, the di-
rect effects of Notch1 on cytokine expression cannot
be ruled out.

Although Notch signaling is shown to be important in
mediating myofibroblast differentiation in fibroblasts in
this and other studies,®® its role in smooth muscle cell
differentiation is not always consistent. Thus in human
aortic smooth muscle cell line as well as primary human
foreskin fibroblasts, a-SMA is shown to be directly up-
regulated by Notch1 via its major effector CSL, also re-
ferred to as CBF-1.8 However, in 10T1/2 fibroblasts and
A10 rat aortic smooth muscle cells, Notch1, acting
through another effector, the HRT factor family, is found
to repress smooth muscle cell differentiation by inhibiting
myocardin-dependent transcription of SMC-restricted
genes including a-SMA and SM22a«.*" Additionally over-
expression of active Notch2 is shown to inhibit TGF-g-
induced a-SMA expression, whereas transient knock-
down of Notch2 by siRNA in C2C12 myoblasts results in
differentiation into myofibroblastic cells without TGF-B
treatment.“© In contrast, Notch3 is required for TGF-B-
induced myofibroblastic differentiation, and counterregu-
lated by Notch2 in these cells, indicating a countervailing
regulatory system dependent on which Notch receptor is
being activated. A similar mechanism is suggested by a
more recent study showing that whereas Notch signaling
via CSL up-regulates a-SMA gene transcription, signal-
ing via HRT1 or HRT2 suppresses transcription.®® Be-
cause Notch in a CSL-dependent manner up-regulates
expression of HRTs, the authors suggest that this HRT-
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mediated suppression may represent a negative feed-
back pathway on actin expression. Thus the ultimate
effect on actin expression is dependent on the balance of
direct activation via CSL versus indirect suppression via
HRT generation. Because our data revealed a Notch-
mediated up-regulation in actin expression, the direct
effects of CSL on the a-SMA promoter appear to be the
dominant effect. Further studies are necessary to assess
the relative contributions of these divergent pathways.
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